Bacterial and archaeal complete genome sequences have been obtained from a wide range of evolutionary lines, which allows some general conclusions about the phylogenetic distribution and evolution of bioenergetic pathways to be drawn. In particular, I searched in the complete genomes for key enzymes involved in aerobic and anaerobic respiratory pathways and in photosynthesis, and mapped them into an rRNA tree of sequenced species. The phylogenetic distribution of these enzymes is very irregular, and clearly shows the diverse strategies of energy conservation used by prokaryotes. In addition, a thorough phylogenetic analysis of other bioenergetic protein families of wide distribution reveals a complex evolutionary history for the respective genes. A parsimonious explanation for these complex phylogenetic patterns and for the irregular distribution of metabolic pathways is that the last common ancestor of Bacteria and Archaea contained several members of every gene family as a consequence of previous gene or genome duplications, while different patterns of gene loss occurred during the evolution of every gene family. This would imply that the last universal ancestor was a bioenergetically sophisticated organism. Finally, important steps that occurred during the evolution of energetic machineries, such as the early evolution of aerobic respiration and the acquisition of eukaryotic mitochondria from a proteobacterium ancestor, are supported by the analysis of the complete genome sequences. ß
Introduction
The number of completely sequenced genomes has been rapidly increasing since the ¢rst complete genome, that of the bacterium Haemophilus in£uenza, was obtained [1] . The range of species sequenced to date, although pathogens and endoparasites in a big proportion, cover a large number of evolutionary lines within Archaea and Bacteria [2^40] . In these microbial genomes, approximately 50^70% (58% on average) of the number of predicted genes show homology with a gene of known function. Comparative analysis of these genes is helping to better understand which gene products work in metabolic pathways of di¡erent bacterial species and how gene families are distributed among di¡erent evolutionary lines [41^44] . In addition, the existence of a large fraction of unknown genes implies that classical genetic and biochemical studies as well as genome-wide functional analysis [45, 46] are going to play an important role before the functions of all novel genes uncovered by genome sequencing projects can be identi¢ed.
Archaea and Bacteria can be found in almost all possible niches on Earth thanks to the enormous variety of energy sources that di¡erent species are able to exploit. Bioenergetic routes and particularly respiratory mechanisms are known to produce an important impact on the global geochemical cycles [47^50] . In addition, the evolutionary analysis of these pathways may help to better interpret the fossil and biogeochemical record [51] . In this review, I show the phylogenetic distribution of several important respiratory pathways in prokaryotes according to the presence or absence of key metabolic enzymes in the complete genome sequences. Furthermore, I construct trees of protein families with enough phylogenetic information and discuss possible evolutionary scenarios that can explain the complex patterns that arise from these trees. Finally, I show how genome sequence data are helping to better understand some important aspects and revealing new details of the evolution of bioenergetic systems.
Databases and methods
The count of the number of genes and di¡erent enzymatic reactions involved in energy metabolism in every species was taken, after simple text parsing, from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.ad.jp/kegg/) [52] , that contained this information for 43 prokaryotic genomes of 37 di¡erent species (in the April 2001 release). For the genes, all subunits and all members of a multigene family were added to the ¢nal count in order to re£ect the total number of di¡erent gene products involved in bioenergetic pathways. For the enzymatic reactions, only the number of di¡erent EC numbers was considered in order to re£ect the real diversity of bioenergetic mechanisms.
Alignments of gene families involved in energy production and conversion were retrieved from the COG (clusters of orthologous genes) database (http://www.ncbi.nlm.nih.gov/COG/) [41, 53] , that included information for 34 complete genomes (including yeast).
The presence of genes encoding key enzymes involved in important bioenergetic pathways was con¢rmed by BLAST searches [54] against the set of genes in the complete genomes available in the KEGG database.
Small rRNA sequences of species with completely sequenced genomes were retrieved already aligned from the Ribosomal Database Project (RDP) (http://www.cme.msu.edu/RDP/html/) [55] . The sequences of Aquifex aeolicus, Thermoplasma volcanium, Bacillus halodurans, Chlamydia pneumoniae, Buchnera sp. and Halobacterium sp., not available in this database, were extracted from the complete genome sequences, aligned with ClustalW [56] to the RDP alignment, and slightly adjusted to follow the best possible alignment with the closest species in the RDP set. Conserved blocks of the alignments of COG families and the small rRNA data set were selected with the Gblocks 0.90 program (http://www.embl-heidelberg.de/Vcastresa/Gblocks/) [57] , that extracts alignment positions that can be reliably used in phylogenetic analysis, thus making fully automated, largescale phylogenetic analysis possible. For the COG families, Gblocks was used with default parameters. For the small rRNA alignment, the`Minimum Length Of A Block' parameter was set to 5 in order to select many short conserved blocks that are present in rRNA alignments.
Phylogenetic analysis of the COG families was performed by maximum likelihood using the MOLPHY 2.3 package [58] with the Dayho¡ model of amino acid substitution. Tree searches were done by local rearrangement from an initial neighbor-joining tree. Trees were rooted by midpoint except in a few cases where it was possible to place the root between Archaea and Bacteria. Trees of the small rRNA alignment were calculated by maximum likelihood with PAUP 4.0b8 [59] , using a branch-swapping search strategy starting from a neighbor-joining tree. The HKY model of nucleotide substitution with rate heterogeneity (six rate categories and an assumed proportion of invariable sites) was used. Parameters of the model were estimated from the initial neighborjoining tree. Fig. 1 shows a phylogenetic tree derived from the small rRNA of 37 bacterial and archaeal species for which the complete genome has been sequenced. Eukaryotic species, the members of the third major division of life [60] , were not included in this tree since they are, from a bioenergetic perspective, proteobacteria or cyanobacteria, due to the bacterial origin of mitochondria and chloroplasts [61^63] . The small rRNA gene is one of the few genes that has not experienced extensive gene duplications and losses, and it is conserved enough to produce reliable trees of the most divergent species of the tree of life [55,64^67] . Phylogenetic reconstruction methods such as the maximum likelihood method used for this tree do not give information about the root of the tree, i.e. about the position of the deepest split in the tree, and it is necessary to use some external method or additional knowledge to de¢ne such root. Since eukaryotic species were not included in this tree, there is little doubt that the root should be placed between Archaea and Bacteria, two groups that di¡er in many molecular features. If eukaryotes were also considered, the place of the root would be more problematic. There were earlier data that supported a root separating Bacteria from an eukaryotes/Archaea group [68^70], although more recent analyses are challenging this view [71^73] .
The tree of life
The species sequenced so far cover a wide range of prokaryotic evolutionary lines, including eight bacterial major divisions (proteobacteria, spirochetes, Deinococcaceae/Thermus group, Chlamydia, Grampositive Bacteria, cyanobacteria, Aqui¢cales and Thermotogales) and the two major groups in which Archaea are divided: Euryarchaeota and Crenarchaeota [74, 75] . The overall structure of the tree in Fig. 1 is very similar to previous phylogenetic analysis based on rRNA that covered a larger number of species [75] . A noteworthy exception is that in the present tree (based on 1028 conserved positions selected with the Gblocks program, and with variable rates in the maximum likelihood evolutionary model) the earliest branching Bacteria is Thermotoga, whereas other analyses placed Aquifex branching earlier [75^77]. Even with a clean alignment and a sophisticated phylogenetic method, it is di¤culty to correctly place these species in the tree due to the extremely low rate of evolution of these early-branching Bacteria (as it can be deduced from the short branches in the tree), which makes them prone to some tree reconstruction artifacts. In addition, some relationships among Archaea were unstable with varying sets of species. An exhaustive phylogenetic search of only archaeal sequences, and thus with more available conserved positions, shows that Archaeoglobus fulgidus groups with Methanococcus jannaschii rather than lying outside the methanogens group (not shown). Despite these phylogenetic uncertainties, the basic structure of the tree shown in Fig. 1 allows to understand the relationships and diversity of the species studied, and to map the main bioenergetics reactions into it.
Diversity of energy metabolism in prokaryotes from a genomic perspective
The main bioenergetic activities of sequenced species are shown in Fig. 1 . Several enzymes involved in key respiratory reactions have been speci¢cally checked with BLAST searches [54] in the KEGG database [52] and mapped, together with photosynthetic pathways, into the phylogenetic tree. All organisms in the tree display in addition several ways of fermentative and glycolytic reactions that have not been analyzed and are not shown in the ¢gure. After fermentative reactions, Fig. 1 shows that the bioenergetic activity that is most widely distributed in these species is aerobic metabolism. The key enzyme of this respiratory activity is cytochrome oxidase, that is known to constitute a large superfamily of homologous sequences [78^81]. The phylogenetic and evolutionary analysis of this family indicated that there are three basic types of cytochrome oxidase from the sequence point of view [82, 83] : the SoxM and SoxB types (named after their genes in Sulfolobus acidocaldarius [84, 85] ), and the microaerobic FixN type (named after the genes in the nitrogen¢xing bacterium Bradyrhizobium japonicum [86] ), which constitutes the most divergent group of the family. Most functional studies have been carried out with the SoxM type, which is also the form found in mitochondria. Whereas the SoxM and SoxB types work under normal aerobic conditions, the FixN oxidases (or cbb 3 type) are involved in respiration with very low oxygen pressure [86] . Many organisms use multiple oxidases belonging to the same or to di¡erent subfamilies for their aerobic metabolism, although the reasons for this apparent redundancy, whether £exibility to face di¡erent aerobic conditions or other reasons, are not always clear [87] . Interestingly, many pathogens (Neisseria, Vibrio, Campylobacter, Helicobacter) depend exclusively on high a¤nity oxidases for their microaerobic metabolism.
Cytochrome bd is a terminal oxidase with high a¤nity for oxygen, completely unrelated to the cytochrome oxidase superfamily. It may have an important function in coping with oxidative stress, although it has been shown that it is also able to create an electrochemical membrane gradient that is available for energetic requirements [87^89]. It is widely distributed among Archaea and Bacteria, and in a large proportion of cases it is present together with one or more cytochrome oxidases (Fig.  1) . The function and expression of cytochrome bd may di¡er among bacterial species, but the existence of multiple oxidases, that sometimes remained undetected, complicates the precise knowledge of the function of this enzyme. This can be alleviated with the information of the complete set of oxidases obtained from the genome sequences [87] . The cytochrome bd protein family consists of at least two main groups [90] that are the likely result of an ancient gene duplication (phylogenetic analysis not shown), but these two subfamilies have not been differentiated in Fig. 1 .
Denitri¢cation is an anaerobic respiratory pathway known to have also a wide phylogenetic distribution [91^94]. In contrast to aerobic respiration, where oxygen is the only terminal acceptor of electrons, in denitri¢cation nitrate (NO 2 ), nitric oxide (NO) and nitrous oxide (N 2 O). Dissimilatory membrane-bound nitrate reductase is involved in the ¢rst step, reducing nitrate to nitrite, in a reaction coupled to energy conservation, and it has been found in several bacterial lineages and in one archaeum ( Fig. 1 ) (or probably two [94] ). However, the other enzymes of the denitri¢cation process, nitrite reductase (of cytochrome cd 1 type), nitric oxide reductase and nitrous oxide reductase, whose sequences and biochemical activities are well known in Pseudomonas aeruginosa [92] , are not found in the genomes of the other species that possess the ¢rst denitri¢cation enzyme. A homologue of the coppercontaining nitrite reductase (di¡erent from the cytochrome cd 1 type) is present in Neisseria meningitidis; in addition, a homologous enzyme distantly related to the nitric oxide reductase, qNOR, is present in this species as well as in Synechocystis sp., but these organisms are not denitrifying and therefore the function of the two latter enzymes may not be respiratory [95] .
Other metabolic pathways have a more restricted distribution. Sulfate and sulfur respiration are con¢ned, in the current set of sequenced species, to A. fulgidus, at least according to the distribution of adenylsulfate reductase [96, 97] and polysul¢de reductase [8, 98, 99] , two complexes known to be involved, respectively, in these two types of anaerobic respiration. In addition, A. fulgidus is the only species of this set that contains the sul¢te reductase [100, 101] . These three enzymes are also known in several bacterial species [97^99, 101, 102] but their genomes have not been sequenced so far and they do not appear in the tree. Although Thermoplasma is also able to gain energy by sulfur respiration, no homologous enzymes to the ones known in A. fulgidus have been found in the two Thermoplasma species sequenced, and it has been proposed that other enzymes involved in sulfur metabolism could take this role [31] .
Genes involved in all important steps of methanogenesis are found in the two methanogens sequenced so far: M. jannaschii and Methanobacterium thermoautotrophicum (Fig. 1) . A. fulgidus possesses many genes involved in methanogenesis although it lacks the key enzyme methyl-coenzyme M reductase [103, 104] , therefore eliminating the possibility of methane production by the conventional pathway [8] . Finally, oxygenic photosynthesis, with both photosystems I and II [105, 106] , and bacteriorhodopsinbased photosynthesis are obviously only found in the organisms known to display these metabolic activities: cyanobacteria and halobacteria, respectively.
The patchy distribution of key metabolic enzymes shown in Fig. 1 is consistent with the diverse spectrum of bioenergetic strategies used by prokaryotes [47, 107, 108] and makes any prediction about the metabolism of certain species based on a close relative di¤cult. Gene loss seems to be the most important evolutionary force behind this irregular distribution [109, 110] (see Section 5), even a¡ecting crucial metabolic enzymes such as the ones analyzed here. The current set of sequenced species includes a large proportion of parasites, endosymbionts and pathogens at some other stage of their life cycles (most of the proteobacteria, spirochetes, chlamydias, mycobacteria and mycoplasmas^including Ureoplasma), that during their adaptation to this lifestyle from the freeliving ancestors were very likely to loose many important metabolic routes [7, 12, 38, 111, 112] . However, even in free-living bacteria such as Bacillus it seems that, for example, B. halodurans lost the nitrate reductase while B. subtilis lost the SoxB-type cytochrome oxidase, all in a relatively short evolutionary period (Fig. 1) .
Another way of viewing the bioenergetic diversity in these species and of understanding which ones have really experienced a reductive evolution in the bioenergetic machinery is to count the total number of genes, as well as the di¡erent enzymatic activities (EC numbers), assigned to energy conversion jobs (Fig. 2) . These numbers roughly re£ect the bioenergetic complexity of every species. According to the classi¢cation made by the KEGG database [52] , some proteobacteria able of a free-living subsistence, such as Escherichia coli, P. aeruginosa or the nitrogen-¢xing bacterium Mesorhizobium loti, dedicate around 150 genes to bioenergetics, while some parasites such as spirochetes (Borrelia and Treponema), chlamydias and mycoplasmas only employ around 20 genes or less for this activity. Despite the di¤cul-ties in assigning some enzymes to broad functional categories [113, 114] , the chart in Fig. 2 gives an approximate idea of the di¡erent number of protein families that can be found in bioenergetic reactions in these species. The picture of metabolic complexity obtained from the count of genes involved in energy production and conversion according to the COG database was very similar (not shown) despite some di¡erences in the classi¢cation scheme used. The lack of phylogenetic grouping of the bioenergetically simplest organisms shows that strong reductive evolution of bioenergetic systems as a consequence of adaptation to a very specialized niche (such as the interior of a cell) has occurred often in evolution.
Phylogenetic trees of gene families involved in energy metabolism and evolutionary implications
Although key enzymes help to easily de¢ne the presence of bioenergetic routes in sequenced microorganisms, there are many other proteins working in these pathways whose analysis may improve our global overview of energetic metabolism. In the COG database there are 210 families (or clusters of orthologous genes) involved in energy production and conversion, and 141 of them are present in at least one archaeal and one bacterial species. Alignments with very few positions or those that are very divergent are not suitable for phylogenetic analysis [71, 73] . The 141 protein alignments of wide distribution were checked with the Gblocks program [57] using default parameters to extract reliably aligned positions and thus suitable for phylogenetic analysis. According to the results, most of the alignments were quite obviously useless for phylogenetic analysis, with half of them having under 50 positions available for analysis. It is not clear when an alignment will contain enough phylogenetic information to produce a meaningful tree, so I arbitrarily chose those with more than 200 positions (although some of those with less positions will probably contain some valid phylogenetic information). This resulted in 16 alignments, representative of bioenergetic protein families, that were used to construct maximum likelihood phylogenetic trees. Fig. 3 shows 12 of them (those with at least two bacterial and two archaeal species). None of these gene trees re£ects the species phylogeny as depicted in the small rRNA tree (Fig. 1) and they show, to a greater or lesser extent, a complicated evolutionary history. Even the most fundamental division, that between Archaea and Bacteria, is only directly re£ected by three of the trees shown in the ¢gure (Fig. 3F,I,J) . Thus, the analysis performed here with representative proteins from bioenergetic pathways of wide distribution indicates that these proteins are not di¡erent from those involved in other metabolic activities, whose analysis also revealed many complex phylogenetic patterns [115] .
Several reasons can account for the observed discrepancies in these trees. First, some species contain several members of the corresponding gene family, and therefore it is obvious that gene duplications and paralogy (see Fig. 4 ) are contributing in part to the complexity of the trees. For example, gene duplications occurred early in the evolution of cytochrome oxidases ( Fig. 3C ; the FixN type is considered a di¡erent group in the COG database) as well as later in the evolution of the SoxM-type oxidase [82, 83] . Second, the large evolutionary periods that separate the sequences in all trees, that may involve changes in the mutation rates and modes of evolution in di¡erent parts of the trees, are surely contributing to tree reconstruction artifacts, that will particularly a¡ect groups separated by short internal branches. Third, some sequences of related species are too separated in the tree (see, for example, the separation of Halobacterium from the two other archaeal sequences in the aconitase A tree; Fig.  3A ) and in these cases the most satisfactory explanation is the occurrence of lateral gene transfer. Transfer of genetic material between di¡erent species must have occurred in many instances during bacterial evolution [21,116^120] although it has also been argued that this phenomenon has been over-emphasized in the literature, and that the ¢rst two mentioned possibilities are often overlooked [110,117, 121^124] .
Another scenario that can explain in a more parsimonious way a major part of the complex patterns in the universal trees of bioenergetic proteins (and of other metabolic pathways) is that the last common ancestor of Archaea and Bacteria (which is also the last universal ancestor or LUCA, provided that there is a bacterial root in the tree of life) would have had several copies of every gene family [110] . It is not unlikely that this redundancy could have occurred as a consequence of partial or whole genome duplications [125^127] previous to the last universal ancestor. As di¡erent bacterial and archaeal lineages diverged and adapted to specialized niches, many species would have lost some copies of the multigene families, creating very complicate phylogenetic patterns and paralogies that would not re£ect the real relationships of the species. Although, obviously, single gene duplications, lateral gene transfers and tree reconstruction artifacts must also have played an important role, the possibility of partial or whole genome duplications previous to the last universal an- (B) Tree that compares the paralogous sequences resulting after the three independent gene losses in the previous phylogeny. The result is that Archaea and Bacteria are not longer separated in this tree.
cestor followed by lineage-speci¢c gene losses can provide a unique explanation for a major part of the complex phylogenies found with many genes, as well as for the patchy distribution of bioenergetic pathways (see Section 4) . This, in turn, would favor the idea of a complex and metabolically very versatile last universal ancestor, in contrast with Woese's progenote model that supposes that this organism was not a real cellular entity but rather a complex population of heterogeneous genetic entities that experienced genetic exchange at high frequency, a question that has been actively debated from di¡erent perspectives [71,99,110,128^132] . When more genomes become available it will be possible to spot more speci¢cally in the trees of every protein family the exact points of gene duplications [133] , at least for the proteins with enough phylogenetic information, and thus to establish the relative contribution of ancestral duplications and lateral gene transfer to the evolution of multigene families.
6. Genome data add support to the early evolution of aerobic respiration and the bacterial origin of eukaryotic mitochondria
A dogma of bioenergetic evolution has been for a very long time that photosynthesis was one of the earliest ways of generating energy for the cell, whereas aerobic metabolism appeared late in evolution, and in several independent lineages, after the release of oxygen by cyanobacteria. This reasoning was mainly based on the interpretation of certain geological and ancient fossil data. On the contrary, the phylogenetic analysis of cytochrome oxidase sequences indicated that aerobic organisms belonging to very diverse bacterial and archaeal groups used a homologous cytochrome oxidase and, therefore, that aerobic metabolism must have had a single and ancient origin [82, 83, 99, 134] , while the restricted distribution of oxygenic photosynthesis to cyanobacteria makes it more unlikely that this pathway was present in the last universal ancestor (the respirationearly hypothesis). Availability of oxygen for aerobic respiration would not have been a problem since there is plenty of evidence showing that a certain amount of free oxygen was present in the early Earth [135, 136] .
Genome data make clearer the wide distribution of cytochrome oxidase in Archaea and Bacteria (Fig. 1) , and indicate again that this is an ancient enzyme that must have been present in the last universal ancestor. In addition, more organisms are being added to the list previously known [99, 137] with both the SoxMand SoxB-type oxidases: Halobacterium sp., B. halodurans, A. aeolicus and Aeropyrum pernix. These two types of cytochrome oxidase are a product of a gene duplication previous to the last universal ancestor [82, 83] (see also cytochrome oxidase tree in Fig.  3C ) indicating that this organism possessed at least both oxidase types. Although archaeal sequences do not appear perfectly monophyletic in the tree, both in the SoxM and in the SoxB parts of the tree, it is likely that tree reconstruction artifacts a¡ecting short internal branches that separate the archaeal sequences, or further gene duplications and losses, explain this discrepancy. Transfer of genes between Archaea and Bacteria can be considered extremely unlikely for integral membrane proteins with a complex enzymatic activity like the cytochrome oxidase, due to the very di¡erent lipidic composition and biophysical properties of archaeal and bacterial membranes. These di¡erent properties cause a big reduction in the proton pumping activity of archaeal cytochrome oxidases working in bacterial lipids [138] and in the activity of bacterial oxidases reconstituted in archaeal lipids [139] . The existence of two types of cytochrome oxidase in the last universal ancestor would also make it very unlikely that the putative ancestral function of this enzyme, that probably was nitric oxide (NO) reduction [95,140^142] , changed to its actual function late in evolution, since this change would have involved a complex evolutionary invention in several independent lineages, and not only in one type, but in two di¡erent types of cytochrome oxidase. Thus, the evolution from an NO reductase function to the actual oxidase function most likely took place only once and, therefore, much before the last universal ancestor.
Genome comparisons point to an aerobic last universal ancestor, but we ¢nd today many anaerobic organisms that have lost this respiratory capacity (Fig. 1) . Ancestors of the eukaryotic lineage were probably among those that lost aerobic respiration very early but, since they needed it for a complex cellular metabolism, they later recovered this capacity from a bacterium that had not lost it, giving rise to the mitochondria. The origin of eukaryotic mitochondria from a proteobacterial ancestor is well established from the comparison of several types of molecular data [61^63,143] . The tight interaction between the ancestral eukaryote host and the bacterial endosymbiont led to the transfer of many bacterial/mitochondrial genes to the nucleus of the host while some proteins of the mitochondria were recruited from the set of nuclear, eukaryotic lineage genes. The sequence and analysis of the complete genomes of yeast and several proteobacteria, including Rickettsia prowazekii [12] , which is the closest species sequenced so far to the bacterial ancestor that gave rise to the mitochondria, have allowed to trace with great detail the evolutionary history of all proteins of the eukaryotic mitochondria. Surprisingly, half of the approximately 400 mitochondrial proteins in yeast have no discernible bacterial homologue and only 1/10 of them have their origins in the ancestral proteobacterium [12, 144, 145] . With respect to the main electron transfer complexes of the respiratory chain, the core subunits can be traced to bacterial genes but many of the other accessory and assembly subunits were adopted from the eukaryotic genome. In addition, most of the transporters of yeast mitochondria are of eukaryotic origin, and were targeted to the mitochondrial membranes, converting the mitochondria into an organelle with an ATP exporting function [144, 145] . Thus, this thorough analysis of yeast and bacterial genomes shows that taming of mitochondria occurred in a much more expeditious way than previously thought.
Conclusions
Three important aspects of energetic metabolism can be learned from the comparison of microbial genomes. First, the distribution of key enzymes shows a patchy distribution of bioenergetic pathways in the tree of life (Fig. 1) . Second, parasites and endosymbionts show an important reduction in their energetic machinery when they adapt to this highly specialized lifestyle (Fig. 2) . Third, trees of protein families involved in energetic metabolism show very complex phylogenetic patterns (Fig. 3) . These observations can be more parsimoniously explained if the last common ancestor of Archaea and Bacteria possessed many metabolic capacities and several members of every gene family, perhaps as a consequence of previous whole genome duplications, while lineage-speci¢c gene losses created many paralogies in the gene trees of present-day organisms and an irregular distribution of bioenergetic pathways. Other phenomena such as lateral gene transfer may better explain the evolution of speci¢c multigene families. Recognition of all possible types of evolutionary forces should guide whole genome comparisons in order to lead to a more detailed understanding of the molecular evolution and phylogenetic distribution of bioenergetic systems.
